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1. INTRODUCTION

1.1 Review

The current interest in atmospheric research with respect to
ifonization processes in the stratosphere and lower mesosphere has
resulted in the development of specialized instrumentation systems.
One such system is the Gerdien condenser which uses a cylindrical
collector geometry for measuring electrical conductivity, charge
number density and ion mobility. The instrument is named for
H. Gerdien who presented the theory of charge particle collection
for this device in 1905.

Early work with the Cerdien condenser included ion mobility
experiments at sea level as reported by lsrael and Schulz (1933).
Balloon borne Gerdien condenser experiments for measuring electrical
conductivity have been conducted by Stergis, Coroniti, Nazarvek,
Kota, Seymour and Werme (1955), Woessner and Cobb (1958) and
Paltridge (1965). Kraakevik (1958) utilized the Gerdien condenser
for electrical conductivity measurements on aircraft. In this
research, the accumulation of static charge on wing surfaces during
flight necessitated an analysis of the resulting electric field and
the effect it might have on the collection of charged particles.

Electrical conductivity, ion mobility and charge number density
measurements have also been obtained from Gerdien condenser rocket
experiments employing either supersonic or subsonic collection
techniques. Electrical conductivity data from supersonic rocket

flights have been reported by Bourdeau, Whipple and Clark (1959).
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Conley (1974) has published ion mobility and positive ion concen-
tration data from supersonic rocket experiments using the Gerdien
condenser system. Included in this research was a study of how
the collected positive ions would possibly be affected by the shock
wave associated with supersonic flight.

Subsonic Gerdien condenser experiments flown on parachute sys-
tems deployed from rockets have been conducted by Pederson (1964),
Rose and Widdel (1972), Farrokh (1975), Croskey (1976) and Widdel,
Rose and Borchers (1976). The experiments of Rose and Widdel (1972)
and Widdel et al. (1976) utilized a Gerdien condenser with an air
flow meter accompanying the instrument in a parallel configuration.
The air flow data obtained from their experiments in the laboratory
and on parachutes indicated that the ion flow velocity for a Gerdien

condenser descending on a stabilized parachute system could be esti-

mated from the instrument's radar fall velocity data [Widdel (1975)].

Thus, the ability to use these radar data greatly simplifies the in-
strument design by eliminating the need for such an air flow measur-
ing device. For the Gerdien condenser experiments reported in this
research, a cross parachute was used on the first flight (July 15,
1975) and a starute was flown with the second experiment (September
26, 1975). Both of these parachute systems have been developed to

minimize payload swing typically associated with decelerator systems.

1.2 Scaope of this Research
The objective of this research was to design a subsonic Gerdien

condenser experiment for measuring electrical conductivity, ion
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mobility and charge number density. The instrument was designed for
flight on rocket systems currently in use by the Meteorological
Rocket Network such as the Arcas rocket. As discussed earlier, a
stabilized parachute system was used since the ion flow velocity was
to be calculated from the instrument's radar data.

The two Gerdien condenser experiments reported in this research
were both conducted at White Sands Missile Range, New Mexico. A pic-
ture of the Gerdien condenser is shown in Figure (1-1). The instru-
ment was first launched on July 15, 1975 at 0618 MST (x=75%). After
being successfully recovered, it wvas flown again on September 26, 1975
at 0600 MST (x=90°). The taunch times were selected in order to study
the ionization variability in the midlatitude, middle atmosphere

during the early morning period.




Figure (1-1) - Gerdien Condenser




2. GERDIEN CONDENSER THEORY

2.1 General Description

The theory of charged particle collection for the Gerdien con-

: denser has been discussed previously in the literature [Gerdien
i (1905); Pederson (1964); Conley (1974)]. The operating arrangement
is such that the atmospheric sample to be measured flows at a deter-

mined velocity through a pair of concentric cylindrical electrodes t

T

(see Figure (2-1)). In this particular experiment, the inner electrode

is used as the collector. A voltage applied between the inner and

T

outer electrodes produces an electric field which accelerates the

b 7~ Sl

charged particles to be collected radially inward. The resulting

i

current of collected charged particles provides information about the
electrical conductivity, ion mobility and charge number density of @

the atmospheric sample flowing through the aspirator. %

2.2 Theory of Operation

2.2.1 Single Ion Mobility Case

Assuming that Laplace's equation is valid to first order for

describing the voltage potential in the region between the collecting

i and return electrodes and neglecting edge effects, the radial compo-

¢
nent of the electric field resulting from a voltage V applied between q
the electrodes is: {

4

E(r) = %- —lrr 1 TN, (2-1)

10
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For this equation, r is the radial distance from the collector axis
and the terms ry and r, are the collector and return electrode radii,
respectively.

As a result of this electric field, an ion entering the condenser

will have a radial velocity given by:

where k, is the ion's mobility.
The current which results from the collection of these charged
particles is given by the following equation:

N,k,q 2n(
i, = — V() (2-3)

r
lx\(;?z)
i
where Nt is the charge number density and { is the collector length.
The "+" and "-" subscripts are associated with the positive and
negative charged particles, respectively. When a positive voltage
V(t) is applied to the return electrode, positive ions having a mobil=-
ity k+ are collected resulting in a current 1+. The analogous expla-
nation applies for negatively charged particles. The product term

N*ktq represents either the positive or negative electrical conductiv-

ity (oi) and thus, Equation (2-3) can be written as follows:

12
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i, = ——=— g VY(t) (2-4)

This expression describes the current collection when the con-

denser is operating in what is referred to as the "linear region."

In this region of operation, only some of the ions in the atmospheric
sample are being collected. The resulting current is seen to be pro-
portional to fon conductivity and thus, operating the instrument in
this region enables one to determine the positive and negative elec-
trical conductivity values.

The operating condition for which all ions of one polarity
entering the condenser are collected regardless of the initial veloc-
ity and radial point of entry is known as saturation. From an experi-
mental point of view, it is important that the instrument is capable
of operating in the saturation mode if one is to extract the ion
mobility and charge number density information from the data. For
the case of a Gerdien condenser descending on a stabilized parachute
system, the axial flow velocity (<v>) through the condenser can be
estimated from the radar fall data. This situation permits the

saturation voltage to be specified as follows:

r
(8]
(r2 - rf) 1“(?:) <y>
2 (2=5)

13




The saturation voltage is the minimum voltage necessary to assure
that all ions of one polarity entering the aspirator are collected by
the inner electrode. When the instrument {s operating in the satura-
tion mode, the current of collected charged particles may be specified
in the following equation:

o

L, . n(r; - rf)Niq <y> (2-6)

The features of the linear region and the saturation region for
the single ion mobility case are illustrated in Figure (2-2). The
current-voltage characteristic shows the collection of positive ions,
electrons and negative ions. Electrons are much more mobile than the
negative ions and are saturated out at such a low voltage that the
electron current causes an apparent step discontinuity at the origin.
The remaining ions, both positive and negative, are collected in the
manner illustrated. In the linear regions(D&uuiQD. the slopes or
current derivatives with respect to voltage (dl}/dV) are proportional
to the ion conductivities as illustrated. ReglunsCDenul()dvpict the
saturation regions and {llustrate the dependence of the positive and
negative ion currents on the product Nt<V>'

The current-voltage relationship in Figure (2-2) is for the sim-
plified case of ions of the same polarity having comparable mobility
values; however, in actual operation it is possible to have different
ion mobility species. This case will be covered in the following

section.

14
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2.2.2 Multiple Ion Mobility Species

If the theory of charged particle collection for the Gerdien
condenser is extended to the case of ions of different mobilities,
the current-voltage waveform is observed to display more structure.
An illustration of this situation is shown in Figure (2-3). The
figure illustrates the case of three different positive ion mobility
groups and three distinct negative ion mobility groups in addition to i
electrons. The current-voltage relationshp shown actually represents 1
the superposition of the current-voltage curves for each separate
mobility group as illustrated previously in Figure (2-2). Again, the t
apparent discontinuity at the origin is attributed to the collection ?
of electrons as explained previously. Moving from the origin to {4
either the left or right, a series of slopes with break points are ;
apparent. Each break point represents the voltage for which all :
charged particles within a certain mobility group have been collected. l
Each succeeding break point marks the voltage at which the next lower
mobility group is completely collected until at the last break point,
all ions of one polarity are collected thus signifying the point of
saturation. !

An extension of Equations (2-3) to (2-6) in a summation form is
necessary for reducing the current-voltage waveform in Figure (2-3).

The various slopes (dit/dV) yield the ion conductivity information for

the different mobility species as shown in the figure. Evaluating the

break points, i.e., either 131 or vst’ and estimating the flow velccity

16
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<y> will in turn enable one to evaluate the different ion mobilities

and number densities.
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3. ELECTRICAL AND MECHANICAL DESIGN

3.1 Electrical Design

T AT B TR

3.1.1 Introduction

The electronics for the Gerdien condenser include the internal

power supply, the sweep voltage generator, the voltage-pulse rate

o e R S T AR T

converter and the telemetry system. The block diagram description
of the CGerdien condenser electronics is shown in Figure (3-1).

A detailed analysis of the antenna system [Cuffin (1965)] and
the operation of the power supply [ECOM Report No. 5144 (1967)],
sweep voltage generator [Hale and Hoult (1965)], electrometer
[Zimmerman (1971)], voltage-pulse rate converter [Pontano (1970)]
and transmitter [Hale and Hoult 1965)] circuitry have been discussed
previously in the designated references. A brief description of the

function of these components will now be presented.

3.1.2 Power Supply

The power supply is a self-contained system utilizing four
1.25-volt rechargeable, nickel cadmium batteries. The batteries and
associated converter circuitry (see Figure (3-2)) provide dc supply
voltages of +110 V, +5 V and -20 V. The wiring diagram in Figure (3-3)
shows the pin connections used with the power supply as well as the

wiring connections and color code for the Gerdien condenser circuitry.

3.1.3 Sweep Voltage Generator

The collection or sweep voltage (Figure (3-4)) is actually applied

to the return electrode with reference to the inner collecting electrode.

19
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Thus, assuming the outer return electrode to be approximately at the
potential of the atmosphere, a positive sweep voltage will attract
positive ions to the collector and a negative sweep voltage will
collect negatively charged particles. For this experiment, the in-
formation concerning electrical conductivity, charge number density

and ion mobility is extracted from the probe's current-voltage response

during the ramp portion of the sweep voltage waveform.

3.1.4 Electrometer

The electrometer is a precision ammeter used to measure the very
small current of charged particles collected by the probe. The elec-
trometer circuitry [Figure(3-5)] is housed within an aluminum cup to
avoid possible rf pickup. Connections to the external circuitry are
made through Erie EO003 rf filters. A polystyrene wax, which has good
dielectric and structural properties, is used to pot the electrometer
circuitry. The operation of the electrometer requires the use of a
set of precision resistors for feedback control and calibration.
During calibration, a high precision resistor (2.0 x 10119) is tem-
porarily switched in parallel with the condenser and the system is
operated in an otherwise normal manner. This provides a known imput/
output situation which makes available a calibration recording necessary

for the data reduction.

3.1.5 Voltage-Pulse Rate Converter Circuit
This circuit converts the analog output voltage from the electrom-
eter to a series of negative pulses which modulate the transmitter

tube. For the particular circuit in Figure (3-6), the typical range

24
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of input voltages from -1.5 to +1.5 V corresponds linearly to pulse
frequencies from approximately 0 to 200 pps. The output, which is
capacitively coupled to the grid of the transmitter tube, alternately

cuts the tube off thus producing a pulse modulated signal.

3.1.6 Transmitter and Antenna System

The transmitter circuit diagram is shown in Figure (3-7). The
transmitter is an RCA 4048V3 microwave cavity device tunable to a
frequency of 1680 MHz with some adjustment (+20 Milz) possible.  The

A
output of the transmitter tube is coupled to a ; circular slot antenna.
@

3.2 Mechanical Design

A schematic of the Gerdien condenser is shown in Figure (3-8).
The instrument has been designed for flight on a standard meteorolop=
ical rocket system such as the Arcas rocket. The complete payload
with base plate is 43.2 cm in length and weighs 2.18 kp. The diameter
of the outer return electrode is 7.44 cm, while the collector diameter
is 2.22 cm and is 6.35 cm in length.

The power supply forms the lower structure of the pavload. A base
plate for connecting the parachute lanyard is bolted to the bottom ot
the power supply. The entire power supply is potted with a polyvcel
compound, thus providing electrical isolation as well as adding
strength to the power supply structure. The antenna can, which is
attached to the top of the power supply, contains the sweep voltage
generator, voltage-pulse rate converter and transmitter circuitry.

The electrometer is located as shown in Figure (3-8). A delrin spacer

is used to interface the collector assembly to the antenna can. For
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flight operation, the outer surface of the power supply and antenna
can are wrapped with copper foil tape and electrically connected to
the return electrode, thus resulting in essentially a two electrode
system with all other circuit voltages shielded.

The collector and return electrode assemblies are shown in a
cut-away view in Figure (3-9). The actual collector is electrically
isolated from the remaining support (guard) electrode by a teflon
spacer. The electrical connection to the electrometer is made with
a threaded rod as shown in the figure. The portion of the guard
electrode just above the electrometer is fitted with a flared section
to afford a more aerodynamic surface. The outer or return electrode
is separated from the delrin spacer by four aluminum standoffs, thus
providing an adequate exhaust opening for the air moving through the

condenser.
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4. TELEMETRY/DATA ACQUISITION

4.1 Introduction

The transmitter system used in the Gerdien condenser is compat-
ible with the GMD telemetry and TMQ-5 display systems used by the
Meteorological Rocket Network (MRN), thus making it possible to launch
this instrument at any MRN site. The telemetered data are recorded
at the ground station on magnetic tape and later played back for
display on a strip chart recorder. Analysis of the strip chart wave-
forms yields the appropriate electrical conductivity, ion mobility
and charge number density values. The waveforms are recorded as a
function of time and therefore may be correlated to radar data to

obtain the altitudes at which the above information were obtained.

4.2 Calibration Waveform

The instrument has two modes of operation. They are the pre-
flight calibration mode [Figure (4-la)] and the in-flight operating
mode [Figure (4-1b)]. In the calibration mode, a precision resistor

(R = 2.0 x 1011 ) placed in parallel with the condenser is driven

cal
by the sweep voltage as shown. The input calibration current to the
electrometer consists of the current flowing through the calibration

resistor and the displacement current of the condenser.

V(t)

cal

+ ¢ 9Y&) (4-1)

) 2 dt

cal
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The result of this current is the calibration voltage (Vcal
appearing at the output of the electrometer, which is fed to the
input of the voltage-pulse rate converter. Since the current varies
with time under the action of the sweep voltage, there is a corre-

sponding change in frequency from the voltage-pulse rate converter.

The pulse frequency nominally is in the range of 0 to 200 pps over

the limits of operation of the sweep voltage. An example of the
calibration waveform is shown in Figure (4-2a). Typically, a series
of these waveforms are recorded through the telemetry system prior

to launching the instrument.
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Excluding the break point regions for the sweep voltage waveform,
the derivative of Equation (4-1) with respect to V(t) results in the

following expression:

d(1)ca1 b 1
{ dv(t) R

(4-2)
cal

i Thus, the veoltage derivative of the calibration current is related to

).

i a known constant which is the calibration resistor (Rcal

4.3 Data Waveform

An example of the data waveform for the September 26, 1975 Gerdien
condenser experiment is shown in Figure (4-2b). For in-flight opera-
tion, the calibration resistor is removed as indicated in the drawing
[Figure (4=1b)]. The input current to the electrometer while in
flight consists of the current due to charged particle collection and

the condenser displacement current. Using Equation (2-4), the
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electrometer's input current when the Gerdien condenser is operating

in the linear region is given by the following equation:

2nd dv(t)
Bara ™ gl G W) WK aps (4-3)
o
1n ?-

@, dt
Again, neglecting the break point regions for the sweep voltage, the

voltage derivative of Equation (4-3) is:

41,)pata 218
N P 1% (4-4)
1n q

4.4 Data Reduction

For the in-flight mode of operation, the output voltage (v+)Data

of the electrometer is related to the input current as follows:

(vt)Data s —(12)Data ey (4-5)

Similarly, for the calibration made of operation, the electrometer's

output voltage (V)cal is:

-
= V() (4-6)
cal

)

cal

Using Equations (4-5) and (4-6), the equation for the derivative
of the in-flight data current with respect to the sweep voltage can

be alternately written as follows:
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d(it)Data . 1 at Data

dv(e) Rcal (Q!
de cal

(4-7)

Combining Equations (4-2), (4-4) and (4-7) yields the expression

which may be used in the linear region to determine electrical conduc

(ro\) (dV‘)
In|— -
= ri 4t Data
$ 27l R (dv)
cal o
dt
cal

Since the voltage-pulse rate converter linearly converts the

tivity:

(4-8)

electrometer output to a pulse frequency for modulating the transmit-
ter, Equation (4-8) can be written in terms of the transmitter's pulse

frequency as follows:

(4-9)

Equation (4-9) is used to extract the electrical conductivity
information from the telemetered data waveforms. An example of how
the waveform is scaled to obtain the electrical conductivity values
is shown in Figure (4~2b).

The ion mobility and charge number density are obtained from the

data waveform by evaluating either the saturation voltage (Vst) or
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the saturation current (1.1). Figure (4-2b) {llustrates the point of .

saturation (break point) for the positive fon current. In this exam-

ple, only one break point is present in the positive fon curve, thus

indicating that one posative fon mobility group was completely col-

B S R —

lected by the instrument. For the portion of the data waveform repre-
senting the collection of negatively charged particles, the apparent
break point observed is not due to saturation but rather {s associated
with the break in the sweep voltage. The absence of any saturation
break point perhaps indicates that the collection voltage was not
large enough to collect all of the negative ions moving through the

aspirator. ;
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5. MEASUREMENTS AND DISCUSSION

5.1 Introduction

The initial Gerdien condenser flights were conducted at White
Sands Missile Range (WSMR), New Mexico (32°N, 106°W) on July 15, 1975
at 0618 MST and September 26, 1975 at 0600 MST. The same instrument
was flown on both of these occasions. Launch parameters for these two
experiments, as well as for two previous early morning blunt probe
flights conducted at WSMR [Mitchell (1973); Mitchell and Hale (1973)],
are listed in Table (5-1). The two blunt probe experiments measured only

electrical conductivity.

5.2 Data

The positive ion conductivity profiles for the Gerdien condenser
and blunt probe experiments are shown in Figure (5-1). These four -
curves represent the most recent early morning profiles (solar zenith
angles in the range of 90° to 53°) for the WSMR launch site.

Although the data were obtained over approximately a four-year
period, variations in ionization should be relatively small in the
region below 60 km where the production of fons i{s primarily attributed
to galactic cosmic rays. This is demonstrated by the consistency of the
conductivity values at 30 km, thus indicating relatively small differ-
ences associated with seasonal and diurnal variations as well as dif-
ferent measurement techniques.

For the Gerdien condenser flights, the positive ion mobility data
and corresponding charge number densities are plotted in Figures (5-2)
and (5-3), respectively. The shaded and light circles indicate that two

distinct ion mobility groups were measured on September 26, with the
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shaded circles representing the smaller mobility values.

It should he noted that the ion mobility measurement range for the
Gerdien condenser is dependent on the value of the collection voltage
(in this case within the range of +5 V). If relatively immobile ions
were present, it would be possible for them to flow through the aspirator
without being collected from the air sample, i.e., their respective satura-
tion voltages (Eq. (2-5)) would be larger in magnitude than the instru-
ment's collection voltage range. Evidence of very low mobility ion
species has been observed in the altitude range of 60 to 75 km by Rose
and Widdel (1972) and in the 50 to 65 km altitude range by Farrokh
(1975). The design of a Gerdien condenser with a larger range of col-
lection voltages would enhance the Gerdien condenser's sensitvity for
measuring ion mobility; however, very large electric fields could
possibly alter the mobility properties of these low mobility species.
The dashed line in Figure (5-2) signifies the lower limit for the ion
mobility values which could be measured in the 30 to 45 km altitude
range on the Sept. 26 Gerdien condenser flight, although the presence of

smaller mobility ions was indicated in the data.

5.3 Discussion

The early morning conductivity data (Figure (5-1)) and corresponding
ion mobility and charge number density values (Figures (5-2) and (5-3)
respectively) have been discussed previously [Mitchell, Sagar and Olsen
(1977)]. The ion mobility values for the two Gerdien condenser flights
are observed to decrease with decreasing height, demonstrating the
altitude dependence of this parameter. A change in ion mobility with

respect to altitude is particularly evident between 40 and 45 km,
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suggesting a transition in ion mobility groups. A similar observation
was reported by Rose and Widdel (1972). It should be noted that this
transition region also corresponds to the region where Arnold, Krankowsky
and Marien (1977) observe a change in positive ion composition from
proton hydrates (at higher altitudes) to non-proton hydrates (at lower
altitudes).

Of noted interest is the observed buildup in positive ion
conductivity, particularly in the 35 to 55 km altitude region where the
production mechanism for positive ions (galactic cosmic ray ionization)
has little diurnal or seasonal dependence [Velinov (1968)]. Conductiv-
ity enhancements of at least an order of magnitude were observed
between 45 and 50 km, corresponding to a change in solar zenith angle
from 90° to 53°. A conductivity change of this size is not believed to
be explainable by a change in ionization, and recent stuaies of
temperature-dependent variations for midday positive conductivity
values demonstrate at most a change of 4.6%/°K for this altitude
region [Cipriano, Hale and Mitchell (1974)].

A comparison of the ion mobility data for the two Gerdien con-
denser experiments indicates that the values for July 15 (x = 75°) are
approximately a factor of two larger than the corresponding values for
September 26 (x = 90°), while the corresponding ion number density
values are comparable. Thus, the buildup in positive ion conductivity
observed between the change in morning solar zenith angle from 90° to
75° appears to be primarily associated with an increase in ion mobility.
Such behavior is thought to be explainable by a photodissociation
process resulting in the formation of smaller, more mobile ions.

The solar dependence for positive conductivity is better demon-

45




strated in Figure (5-4) where the secant of the solar zenith angle (x)
is plotted as a function of conductivity for different altitudes.
Electrical conduttivity data obtained later in the morning (x = 44°)
showed no further enhancement in value, thus suggesting that this
phenomenon is limited to the early morning period.

Finally, it should be noted that the two Gerdien condenser flights
present a somewhat limited picture of the early morning ionization
processes since they correspond to solar zenith angles of 90° and 75°.
As demonstrated in Figure (5-1), a continued positive conductivity
buildup was observed through a solar zenith angle of 53°, during
which no corresponding ion mobility and number density measurements
were made. The mechanism (ion mobility and/or number density) for this
extended conductivity buildup 1is thus unknown, and is proposed as a
subject for further study; Also, recalling that the data used in this
report covered a four-year period, a further study should be conducted
using measurements obtained over a relatively shorter time frame
(preferably on the order of days) and also repeated for periods of

different solar activity.
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6. CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

In summary, a rocket-launched, parachute-borne Gerdien condenser
was designed and flown twice during morning twilight conditions in
1975. The payload was first launched on Tuly 15, 1975 at 0618 MST
from White Sands Missile Range, New Mexico. The instrument was suc-
cessfully recovered and was flown again on September 26, 1975 at 0600
MST. Electrical conductivity, ion mobility and charge number density
measurements were obtained on both flights. The data from these two
experiments, as well as electrical conductivity measurements from two
previously conducted subsonic blunt probe experiments, were used to
study the middle atmospheric ionization variability which occurs
during the early morning period.

With respect to the data, evidence has been presented to suggest
that positive ion conductivity during sunrise conditions at midlati-
tudes is a solar dependent parameter in the altitude region above 30
km., Appreciable conductivity variations with respect to solar zenith
angle were observed in the region where ionization by solar ultra-
violet radiation is not considered to be significant. Subsonic Gerdien
condenser and blunt probe experiments measured as much as an order of
magnitude increase in ion conductivity at certain altitudes (45 km to
50 km) over a change in solar zenith angle from 90° to 53°. Ion
mobility data from the Gerdien condenser experiments indicated that
the increase in ion conductivity primarily resulted from an increase

in ion mobility, thus suggesting the presence of a photodissociation
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process for positive ions during the early morning period which

results in smaller, more mobile ions.

6.2 Recommendations

More than one distinct positive ion mobility group were observed
in some of the Gerdien condenser data for September 26, 1975. The
instrument's ability to measure the smaller mobility species is to a
significant extent dependent upon the size of the collection voltage,
and thus a larger range of sweep voltages should be considered for
future Gerdien condenser experiments.

The data handling and reduction capabilities could be greatly
improved by the implementation of computer analysis techniques. The
telemetered data format is the same for both the Gerdien condenser
and the blunt probe and thus,with a greater usage anticipated for both
of these instruments, the development of such computer software would
be very beneficial.

Finally, the implications of using mobility data to interpret
ion mass and size are beyond the scope of this thesis, but merit
further consideration. A better understanding of the dependence of
ion mobility on these parameters would be potentially helpful in

further studying the ionization processes in the middle atmosphere.
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